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1 
MOTIVATION 
The need for a suitable synthetic bone implant is attested to by the estimated 200,000 bone -
graft operations on human patients annually within the United States alone. 1 Autogenous 
bone grafts have experienced the greatest clinical success thus far. The procedure involves 
harvesting of bone from the patient and is often quite painful and produces weakened bone at 
the harvest site. The success of the work done by McGee and Oslon2'3 using thin walled, 
cylindrical, bone guide composed oftri-calcium phosphate and spinel (MgA}z04) has 
motivated this study. This guide tube exhibited significant success in inducing bone growth 
over large sectioned gaps in canine femurs. The next logical step in the development of a 
bone guide is an implant that would retain significant strength and form until the bone gap is 
filled, and then dissolve. In this way, no artifact would remain of the implant after bone 
healing has been completed. One year is the estimated time that the implant would have to 
remain intact for bone healing to be complete.4 The exact time for healing would be 
dependent on many in vivo factors that are not tested in this study. This study is an initial step 
in the design of such an implant. An in vitro experiment was developed to help in the 
classification of potential calcium phosphate implant materials. Through this experiment 
extrapolation can be made to the potential behavior of the materials in vivo. The in vitro 
experiment was designed to study the effect of material and processing variables on the 
dissolution process, including loss of strength, mass loss and morphology of dissolution. 
With completion of this work recommendations have been made for new bone guide 
materials. 
2 
LITERATURE REVIEW 
Calcium Phosphates 
The limited success of natural bone replacement has created a need for an inorganic bone 
replacement material. Potential replacement materials can be classified as bioinert (not 
rejected by the body) or bioactive (induce or conduct bone growth). The replacement 
material must also have enduring strength similar to the bone it replaces. Calcium phosphate 
ceramics have been studied as bone replacement materials for almost 25 years5 and calcium 
apatites are the largest constituent of bone by mass.6 Tricalcium phosphate (TCP) 
[Ca3(P04)2] and Hydroxyapatite (HAp) [Ca10(P04)6(0H)2] have seen the greatest measure of 
research as bone substitute materials. Hydroxyapatite closely matches the primary mineral 
constituent of human bone7 and has excellent potential as a bone implant material.8 The 
biological apatites that compose human bone have a carbonate substitution than accounts for 
a calcium deficiency from stoichiometric hydroxyapatite.9 Some of the desirable qualities of 
hydroxyapaptite include relative stability, inertness and biocompatibility. 10 HAp belongs to 
the space group P63/m in the hexagonal system. The parameters of the unit cell are a= b = 
9.432A and c = 6.881A11 '12 A simplified unit cell ofhydroxyapatite is shown in fig. (1) 
120' 60. 
0 
=OH 
Figure 1. Simplified Unit Cell ofHAp 
In this simplified unit cell, P04 tetrahedrons are represented by a phosphorus atom. 
The Ca:P ratio ofHAp is 1.67. Resorption and dissolution ofHAp will be affected to a 
certain degree, by the surface morphology of the sample. 13 Tricalcium phosphate 
3 
(Ca3(P04)2) was shown as early as 1920 to accelerate bone defect healing. 14 There are three 
common phases oftri-calcium phosphate (TCP); they are the low temperature form p and the 
phases at higher temperatures a and a'. The p to a transition temperature is 1125°C15 upon 
heating. P-TCP is often called whitlockite, 16 although there are compositional differences, as 
Mg2+ and HPol- play a structural role in the whitlockite17 found in natural deposits. 
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Figure 2. Phase Diagram of the System P20 5-Ca0; C = CaO, P = P20 5.18 
a-TCP is in the P21/a space group. The lattice parameters are a= 12.887A, b = 27.280A, c = 
15.129A and p = 126.20°19. Figure (3) is a projection of the a-TCP structure onto the (001) 
plane. 
I 3 :UJ 
70 46 901 5~ ~ 54 111 ~"I 30 
94 fr\..16 ~I 80 - 9 -~- 94 qa· \...Y' V I fJ)\ 16 V 168 44 \'...JJ 84 
v:.::J 7 0 33 I 
10 52€) 
31 
®@s6 
5 
70 33 68 68 : , S6 31 . . I 94 ' 68 
0'6 54~ ~44 ~84 5'~ 63)(§) :~16 46~ 
11  ~30 . - 10 I-@ 1'f/{ 
5 21 r ~ ~ 21 _a 90 46 ~I 75 5 10 _7 30 ~ II , 4 (9\ 
56~ ® ~ 16~\ 56 33 ~)- 84 7 1 44~ ~- 16-ro 
31 68 · I 13 3 I 56 ' I 68 JJ 
r?.. 52 JO ~~!i-:L.-~70 -~@32 I(\ 16£'\94 ~1. 33 ~- ~ 44 94 l\.!754 9 80 1 'eO' "W .o . 
10 84~ 21 I 11 16 5 190 46 70 75 5 
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P-TCP is the low temperature phase of tricalcium phosphate. P-TCP is a member of the 
rhombohedral space group R3c. The unit cell parameters are a= 10.439A, c =37.375A21 
Figure ( 4) is the structure of P-TCP. 
Figure 4. Structure of P-TCP 17 o : Ca, • : P of P04, Dashed Circle: Ca (half-occupancy) 
Bone Guide Tube 
Olson3 in his Ph.D. dissertation described the materials, manufacture, surgical implantation 
and evaluation of a ceramic bone guide. The bone guide was an elongated hollow cylinder 
composed of equal volume percent of tricalcium phosphate and magnesium aluminate spinel 
(MgAh04). The spinel was used to give the bone guide enduring strength in vivo. Canines 
were used for in vivo testing of the bone guide. A length of the canine femur greater than 1.5 
times the diameter was removed. The bone guide was placed in the void from the sectioned 
bone and a stainless steel plate was used to stabilize the femur (fig. 5). After nine months 
four of the six dogs had total union of bone across the section. Of these four dogs, two has 
the stainless steel stabilizing plates removed and were able return to normal functionality. In 
his final analysis of the bone guide Olson made some recommendations for future design. 
Suggestions included making the guide tubes of pure tricalcium phosphate or hydroxyapatite. 
Olson felt that this application did not require the added strength of the spinel and that a 
purely calcium phosphate based materials might increase the guiding of bone along the 
surface of the implant. Olson also suggested the use ofresorbable materials as these may also 
increase the bone bridging function of the implant. 
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Dissolution Behavior 
In a study done by Gregory et. al. 22 solubility isotherms were calculated for calcium 
phosphates in the Ca0-P20 5-H20 system. Figure (6) represents the relative solubility of 
relevant calcium phosphates from the study done by Gregory et. al. 16 
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Figure 6. Calculated Solubility Isotherms at 25°C. 
Jarcho23 claimed that depending on the pH of the solution used a fully dense TCP ceramic 
dissolved 12-22 times faster than a fully dense HAp ceramic. 
A study by Langstaff et. al.24 explored the dissolution behavior of silicon-stabilized calcium 
phosphates. Five different sintering temperatures were investigated in this work: 800, 850, 
900, 950 and 1000°C. To examine the effects of sintering time, samples were also sintered at 
1000°C for 1 min, 60 min and 8 hours. Comparison of calcium release over a ten day period 
was made between silicon doped micro porous calcium phosphate (Si-mHA), micro porous 
hydroxyapatite (mHA), commercial hydroxyapatite (cHA), alpha tricalcium phosphate (a-
TCP), and beta tricalcium phosphate (~-TCP). All five materials were suspended in an 
7 
isotonic saline solution at 3 7°C. Over a ten day period the P-TCP, mHA, and cHA had an 
average calcium dissolution ofless than 0.02%/day. The initial dissolution of a-TCP was 
low, but rose to have an average of ~0.03% per day. The Si-mHA had a early release of 
calcium then dissolution appeared to stop, resulting in an average dissolution rate of 
~0.006%/day. 
Hankermeyer et. al. 25 attempted to mimic the way in which osteoclasts dissolve the mineral 
phase of bone in order to provide insight into methods for the decalcification of 
atherosclerotic mineral deposits in the vascular system. Sixty percent porous carbonated 
hydroxyapatite (Ca8.8(HP04)o.7(P04)4.5(C03) 0.7(0H)u) was injection molded to form either a 
spherical boulous or small cylindrical plug. The cylindrical plugs were sectioned into l .Ocm 
long segments and placed in Nalgene® tubes to simulate a completely calcified occluded 
artery. The high porosity of their sample was believed to cause a higher dissolution rate 
compared to that of sintered carbonated hydroxyapatite. 
Hankermeyer's experiments were designed to investigate how six variables: pH, osmolality, 
temperature, flow rate of the acidic solution, surface area of the carbonated hydroxyapatite 
(CHA), and mechanical agitation of the CHA/acidic solution system, would effect the 
dissolution characteristics of CHA. Six different solutions were used to dissolve the 
carbonated hydroxyapatite (CHA). The composition of these solutions is provided in Table 
(1 ). 
Table 1. Composition of solutions used to dissolve carbonated hydroxyapatite. 
Solution HCl Cone. NaCl Cone. pH Osmolality 
Code (Mol) (Mol) (mOsmol) 
A 1.00 0 0.0 2000 
B 0.40 0 0.4 800 
c 0.20 0 0.7 400 
D 0.10 0.05 1.0 300 
E 0.05 0.10 1.3 300 
F 0.01 0.14 2.0 300 
8 
Atomic absorption (AA) was used to quantify the dissolution of the CHA powder. AA was 
used to measure the concentration of calcium dissolved solution, from this the equivalent 
concentration of CHA could be calculated. Accuracy of AA was verified with the dry weight 
change of a spherical bolus which was dissolved in O. lN HCL 
Both open and closed systems were used in the experiments. According to Hankermeyer et. 
al. "Dissolution experiments can also be made in a closed system provided that the quantity 
of salt to be dissolved in solution results in a low enough concentration such that the effect of 
the dissolved salt on the dissolution rate of the solid is negligible." For their work in a closed 
system, Hankermeyer et. al. ensured the volume of solution used to dissolve the CHA was 
enough to provide at least double the stoichiometric requirement for dissolution. 
All six variables investigated had an affect on the dissolution rate of CHA. An open system 
of solution D was used to test the effect of flow rate. Solution D was delivered at flow rates 
between 1.0 and 4.0 ml/s through a catheter to a CHA cylindrical plug. The dissolution rate 
increased linearly with flow rate up to 2.5ml/s at which an asymptotic dissolution rate of 
39.0±0.57mg/min was reached. 
The closed system model was used to evaluate how pH, sample surface area and mechanical 
agitation effect the dissolution of CHA. To begin these experiments, each spherical bolus 
was allowed to soak in DI water for approximately five minutes. The boluses were then 
removed, patted dry, and weighed to obtain an initial wet weight. The boluses were then 
added to the dissolution solutions. Periodically, the mass of the bolus was measure by 
removing it from the solution, patting it dry, and quickly weighing it. The overall dissolution 
rate was calculated as the weigh loss divided by time. 
Both open and closed systems were used to determine the effect of pH on the dissolution 
rate. In each system the dissolution rate increased linearly with a decrease in solution pH. In 
9 
the closed system, the CHA dissolution rate and decreasing solution pH demonstrated a 
linear relationship over a range of 0.25 - 7.70mg/min and between pH 2.0 and 0.0. 
A linear relationship was also found between the osmolality (ionic strength) of the solution 
and the dissolution rate. An open system was used with a solution delivery rate of 72ml/min. 
The linear relationship corresponded to the dissolution rate range of 3.5-6. lmg/min and a 
solution osmolality range of 100 - 500 mOsmol. 
To study the effect of temperature, an open system was used to deliver 11 Oml/min of solution 
at temperatures of 7, 12, 20, 37, and 50°C. The dissolution rate ranged from 35.3 to 75.7 
mg/min. In this experiment, the activation energy for dissolution reaction was determined to 
be 3.1 ± 0.3kcal/mol. 
In order to investigate the effect of surface area on the dissolution rate a spherical bolus of 
CHA was ground into a fine powder. Two closed system experiments were used, one with 
the powder and one with a solid spherical bolus. HCl solutions of0.01, 0.1 and I.ON with 
osmolalities of 300, 300 and 2000 mOsmol, respectively were used. Dissolution rate of the 
solid bolus was monitored by weight loss measurements while the dissolution rate of the 
powder was measured by atomic adsorption. The dissolution rate of the powdered CHA was 
significantly higher ranging from 12.5 to 200mg/min as compared to 0.3 to 7.7mg/min for 
the spherical bolus. 
Handschel et. al. 26 designed a study to investigate biological response of calvarial bone 
towards TCP granules under non-loading conditions in vivo. It was found through 
histological examination that TCP exhibited no degradation even after six months of 
implantation. 
In a study by Yamada et. al. 27 an in vitro experiment was performed to determine whether a 
biphasic calcium phosphate (BCP) ceramic would experience osteoclastic resorption. A 
60140 weight percent mixture of P-TCP and HA was made into pellets 10-mm in diameter 
10 
and 1 mm-thick. Pellets were incubated in a osteoclastic cell culture medium and analyzed 
after one and four day periods. Control samples were suspended in the same medium 
without osteoclastic cells. Scanning Electron Microscopy (SEM) investigation showed that 
the control samples exhibited significant dissolution after four days. There was a decrease in 
grain size and an increase in micro porosity of these control samples. The samples immersed 
in the cell culture exhibited a far lower extent of dissolution. It was speculated that the 
cultured samples dissolved at a slower rate due the formation of a cell layer. Their evidence 
suggests that the dissolution that did occur on these samples was due to localized low pH 
produced by osteoclast cells. 
In work done by Budz and Nancollas28 the dissolution behavior ofhydroxyapatite and 
carbonated apatite was studied in acidic solutions. They found that the rates of dissolution in 
solutions of constant low pH and ionic strength showed a significant decrease as the reactions 
proceeded. This was despite a constant undersaturation in the solution. 
A study by Koerten and van der Meulen29 looked at the degradation of three calcium 
phosphate types in vitro (dissolution in a low pH solution) and in vivo (cell induced 
degradation after prosthesis implantation). For the in vitro experiments micron size calcium 
phosphate spheres were saturated in O. lM sodium acetic buffer solutions at pH levels of 4.0, 
4.8, and 5.6. Scanning electron microscopy and atomic absorption spectrometry were used to 
monitor the dissolution behavior at 1, 2, 3, 8, 16, and 24-hour time intervals. They found the 
rate of degradation to be pH dependent, with greater degradation occurring at lower pH. The 
mechanism of degradation was an initial dissolution at the grain boundaries of the spheres, 
leading to loosening of free grains from the spheres. The rate of degradation was also 
dependent on the type of calcium phosphate used. ~-TCP degraded at a faster rate then the 
HA. This supports the general solubility behavior observed in calcium phosphates that is 
governed primarily by the Ca:P ratio. The acidic buffers solutions used in Koerten and van 
der Meulen's work were not renewed and this may explain that a time continuation of the 
degradation process was not observed. 
11 
MATERIALS AND METHODS 
Commercial phosphates have been used to manufacture guide tubes in previous research. 
Preparing calcium phosphate is difficult and time consuming; this research is based on 
commercial calcium phosphates because a wide array of calcium phosphates with different 
compositions and particle size are available. 
X-ray Fluoresence 
X-ray fluoresence (XRF) spectrometry was used to determine the calcium to phosphorus 
molar ratio of the commercial calcium phosphates. This was considered an essential first step 
to characterize the raw materials before testing. Our goal was to select commercial calcium 
phosphates with a range of calcium to phosphorus ratios. A PHILIPS PW2404 X-ray 
Fluorescence Spectrometer (Philips Analytical Inc., Natick, MA), in the Materials Analysis 
and Research lab at Iowa State University was used. The sample preparation and instrument 
operation were performed by a supervising scientist, Scott Schlorholz. The spectrometer has 
a rhodium x-ray tube excited with 3.6kW of power. Samples must be dissolved in glass and 
cast into disks for use in the XRF. The mass composition of the glass flux is 35.3% LizB40 7 
and 64.7% LiB02. Approximately 0.4g of sample was dissolved with 6g of flux and melted 
at approximately 1050°C and cast into a thin disk. Two National Institute of Standards and 
Technology (NIST) Standard Reference Materials® were used to create calcium and 
phosphorus calibration data for the XRF. Two calibration curves were produced and used to 
analyze the samples. From the results of the XRF three calcium phosphates were chosen for 
further study. 
XRD 
X-ray diffraction (XRD) was utilized to further characterize and distinguish the three calcium 
phosphates. The samples were ground with a mortar and pestle and sifted through a 200 mesh 
per inch Tyler Standard screen sieve. A Siemens D-500 x-ray diffractometer (Siemens AG, 
Munich, Germany) equipped with a copper anode x-ray source located in the ISU Materials 
Analysis and Research Lab was used to obtain diffraction data. The typical scan profile 
12 
parameters were 0.05 degrees/step with a count time of 2 sec/step. MDI/JADES (Materials 
Data Inc., Livermore, CA) software was used to analyze the data from each XRD scan. This 
software allows for the determination of crystalline size and search-matching with standard 
XRD data files. 
Preparation of Calcium Phosphate Disks 
The purpose for preparing disks is to obtain bulk sintered samples for experimentation. Disk 
shaped specimens were chosen because they can be used for diametral tension strength tests 
and made the same thickness as the guide tube walls used previously. Powders were sieved 
through a 65 mesh per inch Tyler Standard screen sieve to break up any agglomerates. Disks 
were made by compacting O.Sg of powder in a 0.5'' diameter cylindrical hardened steel die. 
Uniaxial compression of the die to 3000psi was done with a hydraulic Carver Press (Carver 
Inc., Wabash, IN). The disks were then placed in elongated rubber bags (Trexler Rubber 
Co., Ravenna, OH). A vacuum was applied to the bags. The rubber bags were placed in an 
Autoclave Engineers (Snap-tite Inc., Erie, PA) isostatic press. Fluid isostatic compression to 
20,000psi was subsequently performed. 
The disks were fired in a fiber-lined furnace with SiC heating elements. A Leeds and 
Northrup Speed-0-Max G temperature controller (Leeds and Northrup Co., Elwood City, 
PA) with 90% platinum, 10% rhodium vs. platinum thermocouple was used to control the 
firing profile. A second 90% platinum, 10% rhodium vs. platinum thermocouple was used in 
conjunction with a Leeds and Northrup 8686 millivolt potentiometer to verify the calibration 
of the furnace controller. Specimens were fired to 1000, 1100 and 1200°C at a rate of 
100°C/hour. Once the maximum temperature for a specific firing profile was reached the 
temperature was maintained for approximately two hours. The pellets were then allowed to 
slowly cool inside the furnace. 
13 
Sample Dissolution Experiments 
An in vitro experiment was designed to study the degradation of the bulk, sintered calcium 
phosphate disks. The experimental variables were the composition of the calcium phosphate 
disks, firing temperature of the calcium phosphate disks, the pH of the dissolution medium 
and the time period of dissolution. Sodium acetate buffer (O. lM) was prepared with 
fl\"' 
deionized water. The pH of the buffer was adjusted with glacial acetic acid. The pH value 
was verified using a Coming (Coming Inc. Coming, NY) 215 pH meter. Three pH levels 
were used; 4.0, 5.0 and 6.0. Pellets were placed in the acetate buffer for 10 minutes to 
saturate the pores, dabbed dry to remove excess solution, and the mass was recorded. Each 
pellet was suspended in a separate HDPE sealed container containing 225ml of the sodium 
acetate buffer. These individual containers were then placed in a insulated oscillating water 
bath maintained at 37°C. Four time periods were used for experimentation; 1 day, 1, 2, and 3 
weeks. If an experiment lasted for greater than one week, the buffer solution was replaced at 
the end if each week. For example, during a three week dissolution test the buffer solution 
was replaced at the end of week one and week two. For each combination of variables, three 
specimens were tested. When the submersion time was complete, the surface of the 
specimens were blotted dry and the mass of each pellet was individually recorded and the 
disks were taken directly to strength testing. 
Diametral Tension Tests 
The tensile strength of the disks were found by using a diametral tension test. Pellets 
dimensions were measured with a dial caliper and recorded. The disks were then placed on 
edge into an lnstron 4204 (Instron Corp., Canton, MA) load frame. Small pieces of cardboard 
were placed between the disks and the bearing plates of the load frame to aid in load 
distribution. The disks were loaded until failure occurred and the maximum load was 
recorded. The rate of compression of the load frame was lmm/min. The following equation 
can be used to calculate the tensile strength from a diametral tension test: 30 
Where: S = tensile strength 
Pr = load at fracture 
d = diameter of pellet 
h = height of pellet 
14 
. 
After the diametral tension test was complete the remaining fragments of the disks were kept 
for subsequent investigation. 
A JOEL (Jeol Ltd., Tokyo) 840A Scanning Electron Microscope (SEM) was used to analyze 
the sintered structure, fracture topography, porosity, composition and nature of 
dissolution/degradation of the calcium phosphate disks fragments that remained after the 
diametral tension test. Two methods were used to prepare samples for the SEM. For fracture 
surface images, disk fragments were attached with a carbon based paint to a solid 1" diameter 
graphite disk. To create the necessary electrically conductive surface for the SEM, an 
approximately 300-Angstrom thick gold coating was applied under an argon atmosphere 
using a Polaron Instruments Incorporated SEM Coating Unit E500. Polished sample surfaces 
were also analyzed. In order to polish specimens, the samples must be mounted and saturated 
in epoxy. Fractured disk fragments from the diametral tension test were placed in a 1" 
cylindrical mold. Buehler Epoxide® resin and hardener (Buehler Ltd, Lake Bluff, IL) were 
thoroughly mixed and poured into a mold. The mold was subsequently placed under vacuum 
to 10-3 torr. It was then placed in a drying oven overnight at approximately 50°C. The next 
day, the epoxy mounts were removed from the mold. Mounts were polished to a optically 
smooth surface using standard metallographic procedure. As described earlier, an 
approximately 300-Angstrom thick gold coating was applied under an argon atmosphere 
using a Polaron Instruments Incorporated SEM Coating Unit E500 to the epoxy mount. A 
15 
large array of digital images were obtained using the SEM. Two main types of images were 
used for this study; images created by secondary electrons and images created by 
backscattered electrons. Secondary electron images occur from electrons that are ejected 
form the valence and conduction bands of the samples atoms. These secondary electrons are 
relatively low in energy and provide useful information regarding the topography of the 
sample.31 Backscattered electrons occur from an elastic electron collision with the sample. 
These electrons are sensitive to the atomic number of the sample atoms.31 The optical 
contrast of the digital images that were obtained from the SEM were optimized using PCI 
Viewer version 4.10 software. 
16 
EXPERIMENTAL RESULTS 
X-ray Fluorescence Chemical Analysis 
Calcium phosphates were examined using XRF. Two methods were used to interpret the 
data. In the first method three standard samples were used for calibration of calcium and 
phosphorus; NBS 2910, CP-1 and CP-2. NBS 2910 is the NIST (National Institute of 
Standards and Technology) calcium hydroxyapatite Standard Reference Material®. The 
certified calcium to phosphorus molar ratio for NBS 2910 is 1.664 ± 0.005. CP-1 and CP-2 
are standards made from two different combinations of NBS 2910 and NBS 1889. NBS 
1889 is a NIST standard for Florida Phosphate Rock. In the second method, a general 
calibration curve for inorganic solids created by Scott Scholorholtz was used to calibrate 
calcium and phosphorus concentration. Figure (7) is a plot representing the results from the 
two methods. The results from the first method are shown in Table (2). The results from the 
second method are shown in Table (3). 
Table 2. XRF results using NIST standards for calibration (1st method) 
moles moles Molar 
Ca (kcps) P (kcps) %Ca %P Ca p Ca:P 
Fluka 190.166 76.245 37.2 20.7 0.927 0.667 1.390 
CP-1 194.276 71.247 38.0 19.3 0.947 0.623 1.520 
CP-2 200.150 59.006 39.1 16.0 0.976 0.516 1.891 
NBS 2910 200.301 67.094 39.2 18.2 0.977 0.587 1.664 
Rhodia 189.892 63.648 37.1 17.2 0.926 0.557 1.663 
EM 190.054 69.780 37.1 18.9 0.927 0.610 1.518 
Mallinckrodt- I 191.710 70.048 37.5 19.0 0.935 0.613 1.526 
Malinckrodt-2 193.175 64.228 37.8 17.4 0.942 0.562 1.677 
Spectrum 189.383 63.440 37.0 17.2 0.924 0.555 1.664 
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Table 3. XRF results using available calibration curve (2nd method) 
P20s Cao moles moles Molar 
(%) (%) Sum Ca p Ca:P 
Fluka 46.9 53.7 100.6 0.957 0.661 1.449 
CP-1 43.9 54.8 98.8 0.978 0.619 1.581 
CP-2 36.5 56.3 92.8 1.004 0.514 1.952 
NBS 2910 41.2 56.2 97.3 1.001 0.580 1.726 
Rhodia 39.1 52.9 92.0 0.944 0.551 1.713 
EM 42.8 53.2 96.1 0.950 0.604 1.573 
Mallinckrodt- I 43.0 53.7 96.7 0.958 0.606 1.581 
Malinckrodt-2 39.4 53.9 93.3 0.961 0.555 1.730 
Spectrum 39.0 52.8 91.7 0.941 0.549 1.714 
From the results of XRF three calcium phosphates were chosen for further study. These three 
calcium phosphates represent different ranges of calcium to phosphorus molar ratios, Fluka® 
Calcium Phosphate Tribasic (Sigma-Aldrich, St. Louis, MO), EM® Calcium Phosphate 
Tribasic (Merck KGaA, Darmstadt, Germany) and Rhodia® Tricalcium Phosphate (Rhodia 
Inc, Cranbury, NJ). The results of the two methods do provide differing absolute values for 
the calcium to phosphorus ratio, but the rank of each calcium phosphate is the same for both 
methods. Tables ( 4-6) are the compositional data provided by the manufacturers. 
Table 4. Compositional Data of EM® Calcium Phosphate, Tribasic32 
Chemical Formula: -Ca3(P04)z 
Molecular Weight: 310.18 
Product Snecifications: 
As: 0.0002%max 
Assay: 35.0-40.0% 
Carbonate: To Pass Test 
Cl: 0.1% max 
F: 0.005%max 
Heavy Metals: 0.001% max 
Fe: 0.04%max 
Loss on Ignition (800°C): 8.0%max 
Particle Size (<0.063mm): -98% 
Substances insoluble in hydrochloric acid: 0.1% max 
Sulfate (S04): 0.5%max 
Water: 2.5%max 
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Chemical Formula: Ca30sP2 
Molecular Weight: 310.18 
Purity Grade: purum p.a., ;::: 96 % (KT) 
Product Specifications: 
Chloride (Cl) 0.05% 
Sulfate (S04) 0.1% 
Cd 0.005% 
Co 0.005% 
Cu 0.005% 
Fe 0.02% 
K 0.01% 
Na 0.1% 
Ni 0.005% 
Pb 0.005% 
Zn 0.005% 
Table 6. Compositional Data of Rhodia® Tricalcium Phosphate34 
Chemical Formula: lOCaO 3P20 5 H20 (approx.) 
Molecular Weight: 1004.6 (approx.) 
Product Soecifications: 
Assay: 34.0-40.0% 
Loss on Ignition: 8.0%max 
As: 3 ppm max 
F: 0.0075%max 
Heavy Metal: 0.0015% max 
Pb: 2ppmmax 
Chloride: 0.14%max 
Nitrate: Passes test 
Carbonate: Passes test 
Sulfate: 0.8%max 
Barium: Passes test 
Dibasic Salt and Calcium Oxide: Passes test 
XRD 
Two x-ray diffraction experiments were performed on each of the Fluka®, EM® and Rhodia® 
powders; as received powder and powder fired to 1000°C. Figures (8-13) are the results of 
these XRD experiments. The peak locations and relative intensities for the closest 
compositional match are displayed on the bottom of these figures. Table (4) lists the best 
single phase match for each XRD scan. The average crystallite sizes obtained from XRD are 
shown in Table (7). 
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Table 7. Average crystallite size and standard deviation in Angstroms 
EM® Fluka® Rhodia® 
Unfired 347 ± 185 670 ± 174 261±90.1 
Fired to 1000°C 862±178 828 ± 188 851±192 
Table 8. X-ray diffraction closest primary phase composition matches 
Unfired Fired to 1000°C 
EM® Hydroxyapatite (Cas(P04)3(0H)) Whitlockite (Ca3(P04)2) 
Fluka® Whitlockite (Ca3(P04)2) Whitlockite (Ca3(P04)2) 
Rhodia® Hydroxyapatite (Ca5(P04)3(0H)) Hydroxyapatite (Ca5(P04)3(0H)) 
The results from XRD compositional matching seem to correspond with the results from the 
XRF. Fluka has the lowest calcium to phosphorus molar ratio in the unfired state. The 
calcium to phosphorus molar ratio is 1.5 for Whitlockite and 1.67 for Hydroxyapatite. 
Rhodia® retains a primary phase ofHydroxyapatite after firing to 1000°C. The results of 
XRD and XRF attest to the difficultly in accurately classifying the chemical composition of 
the calcium phosphates. In the unfired state, Fluka® has the largest average crystallite size of 
670 angstroms. Once fired to 1000°C, the crystallite sizes of the three phosphates increases. 
The range of crystallite size within the three phosphates decreases to 34.7 angstroms upon 
firing to 1000°C. 
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Dissolution Test 
Figures (14-17) graphically represent mass loss behavior of the calcium phosphates during 
the dissolution test. Figure (14) represents the change in mass during a one day time period 
as a function of the pH of the sodium acetate buffer. In a buffer of pH= 6.0 the samples all 
initially increased in mass. This gain in mass might be evidence of precipitation of a solid 
phase on the calcium phosphate disks. Figure (15) shows that as time continued to 3 weeks 
the mass of the Fluka® and Rhodia® calcium phosphates in a buffer solution of pH= 6.0 
begins to decrease after the initial increase. The increase of mass is likely due to a 
reprecipitation of hydroxyapatite on the sample diks. Figure ( 6) shows that hydroxyapatite is 
the most likely phase to precipitate at pH 6. Because Fluka® is the most soluble at pH 6, it is 
likely that it will free the most calcium ions from dissolution for the reprecipitation of 
hydroxyapatite. After a period of 3 weeks in sodium acetate buffer of pH= 4.0 Fluka® 
exhibited the greatest loss in mass, nearly seven times more than the mass lost by the 
Rhodia® calcium phosphate (fig. 17). For those disks in a sodium acetate buffer of pH= 4.0 
the loss in mass appears to increase exponentially as a function of time. Table (9) 
summarizes the results of the mass loss experiment. Multi variable linear regression analysis 
was performed on the weight loss data in order to derive equations that represent percent 
mass loss as a function of time in the sodium acetate buffer and pH of the sodium acetate 
buffer. 
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Table 9. Average percent mass loss of original mass and standard deviation 
1 Day 1 Week 
EM Fluka Rhodia EM Fluka Rhodia 
pH=4.0 Too weak to 11.68±2.13 12.65 5.89±0.27 
1000°c 10.94±0.21 measure 4.55±0.22 
5.0 0.51±0.29 0.36±1.56 -0.28±0.4 1.83±0.99 3.01±1.04 0.89±0.65 
6.0 -1.28±0.26 -1.64±0.84 -1.54±0.17 -1.48±1.43 -4.18±0.21 -0.75±1.67 
4.0 9.22±0.092 10.6±0.68 2.33±0.20 10.66±1.46 Too weak to 3.23±0.45 
1100°c measure 
5.0 0.59±0.35 0.78±0.72 -0.71±0.51 0.56±1.06 -2.31±1.49 -1.25±0.33 
6.0 -1.44±0.18 -1.25±0.48 -1.25±0.32 -1.79±0.66 -3.37±0.77 -1.81±0.36 
4.0 5.18±1.59 4.07±1.26 1.15±0.54 5.62±2.55 11.64±0.91 0.69±0.32 
1200°c 5.0 1.21±0.34 -0.59±0.05 0.79±0.27 0.28±0.24 -1.19±0.6 0.14±0.43 
6.0 -1.04±0.21 -1.63±0.26 -0.32±0.75 -0.92±0.43 -2.33±0.2 -0.84±0.2 
2 Weeks 3 Weeks 
EM Fluka Rhodia EM Fluka Rhodia 
pH=4.0 17.92±7.76 Too weak to -0.91±0.37 38.24±3.5 Too weak to 17.04±1.27 
1000°c measure measure 
5.0 1.64±0.47 0.74±1.90 0.01±0.29 5.14±0.6 7.51±1.38 1.34±0.19 
6.0 -1.68±0.86 -2.57±0.69 -1.07±1.14 -0.63±0.09 -1.42±0.48 -0.77±0.61 
4.0 22.6±1.96 Too weak to 6.75±0.62 35.71±5.64 Too weak to 10.81±0.77 
1100°c measure measure 
5.0 1.56±0.59 -0.62±0.75 -0.91±0.37 5.14±0.60 7.51±1.38 1.34±0.19 
6.0 -2.15±0.22 -3.45±1.65 -2.85±3.06 -0.80±0.47 -1.51±1.15 -0.92±0.37 
4.0 11.15±2.76 13.9±3.24 2.05±.88 28.82±3.94 38.34 6.67±1.49 
1200°c 5.0 0.63±0.002 0.9±0.41 0.07±0.24 3.24±0.50 3.94±1.55 0.63±0.74 
6.0 -1.15±0.44 -2.49±0.32 -0.48±0.23 -1.32±0.23 -1.83±0.30 -0.41±0.21 
Table 10. Equations derived from multivariable linear regression, m =%mass lost, t =time 
in hours 
EM<!ll fired to 1000°C m=-329.63ln(pH)-0.03pH*t + 63.37pH + 0.16t + Rl = 0.919 
210.42 
EM00 fired to 1100°C m=-282.161n(pH)-0.02pH*t + 52.54pH + 0.15t + R2 = 0.913 
190.51 
EM00 fired to 1200°C m=-3.27ln(t)-218.171n(pH)-0.02pH*t + 43.64pH + R2 = 0.901 
0.16t + 141.39 
Fluka® fired to 1000°C m=-2.721n(t)-30.85ln(pH)- 177.89pH*t + 0.13pH - R2 = 0.908 
0.2t + 140.38 
Fluka <Ill fired to 1100°C m=-4.0lln(t)-250.07ln(pH)-O.OlpH*t + 45.58pH + R2 = 0.954 
0.1lt+186.42 
Fluka<!ll fired to 1200°C m=-327.08ln(pH)-0.03pH*t + 65.47pH + 0.19t + R2 = 0.902 
194.54 
Rhodia <Ill fired to 1000°C m=-159.04ln(pH)-O.OlpH*t + 30.36pH + 0.07t + R2 = 0.919 
102.26 
Rhodia <Ill fired to 1100°C m=-76.89ln(pH)-O.OlpH*t + 13.71pH + 0.05t + 54.15 R2 = 0.891 
Rhodia® fired to 1200°C m= 4.21ln(t)*ln(pH) - 7.90lnt - 53.60ln(pH)- R2 = 0.883 
O.OlpH*t + 7.73pH + 0.06t+ 50.96 
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Diametral Tension Test 
Figures (18-21) graphically represent strength behavior of the calcium phosphates during 
dissolution test. The overall trend was greater lost in strength with lower pH and increased 
time in the buffer solution. The behavior between the three phosphates is interesting to note. 
Figure (20) represents the change in strength of the calcium phosphate disks as a function of 
firing temperature. The initial strength of the three phosphates after firing at 1100°C is within 
a narrow range of 2.87MPa. The loss of strength after one day in sodium acetate buffer of pH 
= 4.0 is markedly different; EM® lost 60.7% of its initial strength, while Fluka® and 
Rhodia® lost 96.2% and 32.9%, respectively. Fluka® experiences the greatest loss of strength 
regardless of pH and time in the buffer solution. In pH= 4.0 buffer solution the strength of 
Fluka® disks dropped sharply with time, disks fired to 1000°C did not have sufficient 
strength for testing after just one day. Table (11) summarizes the results of the strength loss 
experiment. Multivariable linear regression analysis was performed on the strength data in 
order to derive equations that represent strength in MPa as a function of time in the sodium 
acetate buffer and pH of the sodium acetate buffer. 
Table 11. Average tensile strength and standard deviation (MPa) 
1 Day 1 Week 
EM Fluka Rhodia EM Fluka Rhodia 
pH=4.0 2.66±0.20 Too weak to 12.1±2.69 2.30±0.18 Too weak to 9.31±1.23 
l000°c test test 
5.0 6.57±1.429 1.65±0.28 14.18±2.7 6.74±1.43 1.29±0.22 13.59±3.4 
6.0 8.66±0.31 6.81±0.58 14.38±2.99 5.76±1.93 6.25±3.12 13.31±0.70 
4.0 7.23±0.40 0.75±0.08 11.46±2.69 4.80±097 Too weak to 8.67±0.80 
1100°C test 
5.0 12.29±0.38 3.15±0.27 15.59±3.50 13.48±0.93 5.63±1.02 16.94±0.69 
6.0 10.57±1.40 10.0±2.75 13.89±2.99 14.76±4.81 11.96±1.25 19.64±3.50 
4.0 39.95±3.64 3.57±0.42 16.02±17.99 27.98±0.32 2.76±0.14 38.58±3.24 
1200°C 5.0 52.74±5.38 15.42±1.76 41.90±2.26 29.38±1.37 11.45±0.53 51.5±5.72 
6.0 42.18±3.860 17.54±1.03 31.54±10.55 25.08±0.61 18.39±1.64 38.64±17 .63 
2 Weeks 3 Weeks 
EM Fluka Rhodia EM Fluka Rhodia 
pH=4.0 2.50±1.77 Too weak to 8.97±2.04 0.30±0.02 Too weak to 1.44±0.34 
1000°c test test 
5.0 6.57±2.21 1.70±0.21 13.84±2.29 5.51±0.70 1.19±0.08 13.32±1.94 
6.0 11.34±1.94 6.63±2.34 13.86±5.36 7.38±2.19 3.91±1.25 15.16±3.67 
4.0 2.11±0.57 Too weak to 8.97±2.04 0.58±0.11 Too weak to 3.86±0.36 
1100°C test test 
5.0 11.28±0.37 3.28±0.54 13.58±1.11 9.70±3.40 3.03±0.39 14.05±3.45 
6.0 17.01±0.71 14.55±0.34 11.47±4.23 15.77±3.88 12.33±0.23 17.21±5.9 
4.0 20.86±2.48 1.65±0.49 21.88±21.36 12.04±1.18 0.787 27.13±2.69 
1200°C 5.0 25.40±3.50 9.25±0.35 36.97±5.27 22.87±1.75 9.81±0.41 35.63±17 .16 
6.0 38.60±0.40 20.41±0.76 30.32±13.72 32.60±5.14 13.76±2.67 20.94±8.43 
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Table 12. Equations derived from linear regression, S =tensile strength in MPa, t =time in 
hours 
EM® fired to 1000°C S = 60.59ln(pH) + 0.21ln(t) + 0.003pH*t- 9.82pH - 0.02t- RL = 0.830 
42.33 
EM® fired to 1100°C S = 11.96ln(t)*ln(pH) + 13.47ln(pH)- 19.61ln(t)- R2 = 0.846 
0.003pH*t- 8.60pH + 0.02t + 33.07 
EM® fired to 1200°c S = -22.56ln(t)*ln(pH) + 250.11 ln(pH) + 27 .35ln(t) - RL = 0.883 
0.05pH*t - 35.80pH - 0.24t - 148.48 
Fluka® fired to 1000°C S = 4.45pH - 0.003t - 20.02 R2 = 0.923 
Fluka® fired to 1100°C S = O.OlpH*t + 4.89pH - 0.06t- 19.15 RL = 0.938 
Fluka® fired to 1200°C S = 7.67pH - 0.08t- 25.90 RL = 0.935 
Rhodia® fired to S = 143.93ln(pH) - 0.22ln(t) + O.OlpH*t- 28.82pH - 0.06t - RL = 0.948 
1000°c 71.25 
Rhodia® fired to No statistically relevant equation could be derived 
1100°c 
Rhodia® fired to S = 655.1lln(pH)+10.66ln(t) - 0.02pH*t- 126. lOpH + RL = 0.833 
1200°c O.Olt-416.71 
There are some statistical anomalies in the strength data. The standard deviation in tensile 
strength for Rhodia® fired to 1200°C and in a pH= 4.0 buffer solution for one day is 
exceptionally large when compared to the average tensile strength. The three pellets tested 
had strengths of2.42, 36.41and9.22MPa. The disk with the strength of 36.41 was not tested 
at the same time as the other two, as data for the original disk was lost and another 
experiment had to be started to replace the missing data for this one disk. The tensile strength 
of Rhodia® disks fired to 1200°C and in a pH= 5.0 buffer solution for one day were 39.40, 
43.78 and 42.54MPa. Based on the behavior of disks fired to the same temperature I believe 
that the value of 36.41 MPa best represents the tensile strength of a Rhodia® disk fired to 
1200°C and in a pH= 4.0 buffer solution for one day. The equations derived from linear 
regression are very sensitive and results from these equations should not be presented 
separate from the raw data. Further analysis of the data revealed an interesting trend, a 
general increase in strength from one day to one week and then a decrease in strength. A 
second multivariable analysis was performed without the data from the one day time period. 
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Table 13. Multivariable analysis without 1 day strength data, S =tensile strength in MPa, t = 
time in hours 
EM® fired to 1000°C S = 14.89ln(t) + 0.0054pH*t- 1.42pH - 0.077t- 70.01 RL = 0.872 
EM® fired to 1100°C S = 1.98ln(t) + 0.0078pH*t + 4.06pH - 0.052t-17.18 R:z=0.951 
EMQI) fired to 1200°C S = 22.94ln(t) - 0.035pH*t- 5.84pH - 0.26t - 45.77 RL = 0.901 
Fluka QI) fired to 1000°C S = 6.991n(t) - 0.0067pH*t + 6.45pH + 0.01t-63.07 RL = 0.987 
Fluka® fired to 1100°C S = 0.0088pH*t + 5.99pH - 0.052t- 23.39 RL = 0.964 
FlukaQI) fired to 1200°C S = 6.58ln(t)- 0.004pH*t + 9.22pH- 0.01t-63.99 R2 = 0.966 
Rhodia® fired to 1000°C S = 176.471n(pH) + 3.34ln(t) + 0.015pH*t- 36.51pH - RL = 0.978 
0.090t- 101.21 
Rhodia® fired to 1100°C No statistically relevant equation could be derived 
Rhodia® fired to 1200°C S = 577.49ln(pH) - 39.50ln(t) - 0.0093pH*t - 113.56pH R2 = 0.938 
+ 0.13t-122.66 
With the removal of the data from one day, the R2 values improved for every equation with 
the exception of the Rhodia® fired to 1100°C. If the strength of a calcium phosphate disk 
approaches zero, according to our approximation the disk has completely degraded. The 
equations from table (13) were used to find the time it would take for the strength of these 
disks to approach zero at different pH's. The results are reasonable in some cases and in 
others they are very different from the experimental behavior. Also some of the equations 
could not be reduced to solutions independent of time. 
The equations from table (13) do not all work well for determining the time at which strength 
will approach zero, especially for pH's that are outside of the experimental range. In those 
equations where the solutions were greatly deviant from experimental results (or impossible), 
the time for the strength to approach a very small value (such as 3MPa) was calculated, this 
did not yield a result that was any more reasonable in light of the experimental data. A 
broader range of pH's and times should be used in future experiments. The nature of these 
experiments makes statistical analysis difficult; the multivariable linear analysis equations 
cannot always accurately reproduce the experimental results. 
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Table 14. Theoretical time in days for strength to obtain zero. 
EM® l000°c EM® 1100°C EM® 1200°C 
pH= 7.4 52 6.2lx10-:i 992 
7.0 47 l.4lxl0-4 232 
6.0 37 176 67 
5.0 28 54 38 
4.0 21 23 26 
Fluka ® 1000°C Fluka ® 1100°C Fluka ® l 200°C 
7.4 33 -82 55 
7.0 33 -107 53 
6.0 30 425 46 
5.0 25 28 38 
4.0 cannot simplify 1 24 
Rhodia® 1000°c Rhodia® 1200°C 
7.4 5 66 
7.0 2 43 
6.0 417 cannot simplify 
5.0 60 cannot simplify 
4.0 25 cannot simplify 
SEM 
Calcium phosphate disks were fractured for SEM images. Figures (22-37) are secondary 
electron images of fracture surfaces of EM®, Fluka® and Rhodia® disks fired to 1000, 1100, 
and 1200°C. At all sintering temperatures the microstructure morphology possesses a 
network of interconnected pores. These interconnected pores should be ideal for continuous 
resorption as they allow for a network of dissolution pathways and increase the surface area. 
As expected the grain size of each sample increases with an increase in firing temperature. 
There is a notable difference in the sintered structure of the calcium phosphates. All three 
phosphates appear to densify by solid state sintering. At any of the three temperatures the 
average grain size ofFluka® notably larger than the other two, while the grain size of EM® 
is slightly larger than Rhodia®. The average grain size ofFluka® is the largest of the three 
reaching approximately 4µm at 1200°C as shown in fig.(31 ). 
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Disk fragments that remained from the diametral tension test were mounted in epoxy for 
examination with the SEM. Figures (38-126) are a combination of secondary and 
backscattered electron images. Samples from buffer solutions of pH= 4.0 were mounted, 
polished and photographed, because it was believed that these samples would exhibit the 
most drastic changes in microstructure. Control samples that not placed in solution were also 
mounted, polished and photographed to allow comparison to an unaltered microstructure. 
Every micrograph shown here is of the outside edges of the disk, after they had been 
fractured in the diametral tension test, these would then be the surfaces that were in direct 
contact with the buffer solution. 
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Figure 23. Secondary electron image of EM disk fracture surface, disk fired to 1000°C, 5000x 
Figure 24. Secondary electron image of EM disk fracture surface, disk fired to 1100°C, 1500x 
43 
44 
Figure 28. Secondary electron image ofFluka 
45 
~ 
disk fracture surface, disk fired to 1100°C, 15 OOx 
Figure 30. Secondary electron image ofFluka disk fracture surface, disk fired to 1100°C, 5000x 
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Figure 31. Secondary electron image ofFluka disk fracture surface, disk fired to 1200°C, 1500x 
Figure 32. Secondary electron image ofFlukaiB'i disk fracture surface, disk fired to 1200°C, 5000x 
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Figure 33. Secondary electron image of Rhodia disk fracture surface, disk fired to 1000°C, 1500x 
Figure 34. Secondary electron image of Rhodia disk fracture surface, disk fired to 1000°C, 5000x 
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Figure 37. Secondary electron image of Rhodia disk fracture surface, disk fired to 1200°C, 1500x 
EM® 1000°c Control 20x fig.(38) 
This sample appears to have fine porosity. The light area in the center is where the epoxy was 
unable to penetrate the sample. 
EM® 1000°c 1 day lOOx fig. (39) 
There is a definite change from the control. The reaction front extends approximately 250µm 
into the disk. The nature of the degradation is an even distribution of large elongated pores 
approximately 30µ across their shorter diameter. 
EM® 1000°C 1 week 20x, 1 OOx fig. ( 40) & fig. ( 41) 
The depth ofreaction front has increased significantly to approximately 700µm. The nature 
of the degradation is an even distribution of large pores throughout the effected area although 
the average size of these pores appears slightly smaller than at the one day time period. 
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EM® 1000°C 2 weeks 20x, IOOx fig.(42) & fig.(43) 
The center band of disk is where epoxy did not penetrate the sample. Depth of reaction is 
approximately 500µm, thus less than the one week sample. The nature of the degradation is 
an even distribution of large pores throughout the effected area. Cracks propagate longitudely 
throughout the disk. 
® EM 1000°c 3 weeks 20x, 50x fig.(44) & fig.(45) 
Depth ofreaction front has increased significantly to approximately 1200µm. The nature of 
the degradation is a distribution oflarger pores toward the center of the disk. The pores get 
continuously smaller toward the outside surface of the disk. The distribution of pores would 
suggest that a solid precipitate is forming and that this reaction is occurring from the outside 
of the disk and moving inward. One possible precipitation reaction is the formation of 
CaHP042H20. 
EM® 1100°c fig.(46-54) 
When compared to disks fired to 1000°C, the extent of degradation in these disks is 
apparently less. After one day the depth of the reaction front is approximately IOOµm. After 
three weeks the depth of reaction front is approximately 700µm. The appearance of the edge 
of the disks suggests that the outsides might be breaking off during the dissolution 
experiment. 
EM® 1200°c fig.(55-63) 
The behavior here is inconsistent, and difficult to interpret. When evidence of dissolution is 
present, the pore morphology is much finer than the 1000°C samples. After one week the 
depth of the reaction front is approximately 300µm. The pores are very small, on the order of 
just a few microns in diameter. For the disk tested after two weeks the depth of the reaction 
front is approximately 50µm, although the pore size has increased slightly. The disk tested at 
three weeks provides no visual evidence of degradation. 
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Fluka® l 100°C Control 500x fig.(68) 
Note the interconnected porosity of the control sample. These pores are small, on the order of 
just a few microns. 
Fluka® 1100°C 1 day lOOx, 500x fig.(70) & fig. (71) 
It is difficult to judge the depth of the reaction front. The high magnification image shows the 
increase in the pore area, with some larger pores reaching a few microns in diameter. This 
micrograph provides insight into the nature of the Fluka® degradation. My assessment is that 
Fluka® is dissolving at the grain necks, this would also explain the drastic loss in strength at 
short time periods. 
Fluka® 1200°c fig.(72)- fig.(85) 
Figures (74, 76, 79, 82 and 85 exhibit the degradation behavior over time. 
Rhodia® 1000°c Control, 500x fig. (88) 
Note that apparent porosity is not visible in the sample and likely to be very fine. 
Rhodia® 1000°c fig. (89)- fig. (97) 
Depth of reaction front after one day is approximately 250µm. The morphology of the 
degradation is similar in appearance to EM® (uniform pores, evenly distributed) although the 
pore size is much smaller on the order of just a few microns. As time continues the depth of 
the reaction front continues to increase and some larger pores appear on the order of five to 
ten microns. There is no significant visual evidence of a re-precipitation product. 
Rhodia® 1100°C fig.(98) - fig.(114) 
The behavior here is inconsistent, and difficult to interpret. The general trend is an increase 
in the depth of reaction front with time but not to the extent seen in the 1000°C 
disks.(Compare fig.110 and fig.94) Some pores do grow with time, although after three 
weeks they only reach a maximum size of a few microns. 
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Rhodia® 1200°c fig.(115)- fig.(126) 
The rate of degradation is much slower than 1000°C samples, extending only approximately 
50µm after one week (fig.121 ). The pores from degradation remain fairly small, although a 
few larger ones appear on the order of five to ten microns in diameter after two weeks (fig. 
123). The disk tested after three weeks in buffer solution has no visual evidence of 
degradation. 
The fine grained structure of Rhodia® might offer an explanation to its behavior, the capillary 
suction of a porous ceramic body is greatly dependent on the pore diameter.30 The small 
pores (< lµm) should cause an extensive depth of diffusion into the disks. Across this 
length a diffusion a concentration gradient could develop. 
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Figure 38. BSE image of EM® disk fired to 1000°C, 20x 
Figure 39. BSE image of EM® disk fired to 1000°C, 1 day in sodium acetate buffer at pH = 4.0, lOOx 
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Figure 40. BSE image of EM® disk fired to 1000°C, 1 week in sodium acetate buffer at pH= 4.0, 20x 
Figure 41. BSE image of EM® disk fired to 1000°C, 1 week in sodium acetate buffer at pH = 4.0, lOOx 
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Figure 42. BSE image of EM® disk fired to 1000°C, 2 weeks in sodium acetate buffer at pH = 4.0, 20x 
Figure 43. BSE image of EM® disk fired to 1000°C, 2 weeks in sodium acetate buffer at pH = 4.0, lOOx 
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Figure 44. BSE image of EM® disk fired to 1000°C, 3 weeks in soidum acetate buffer at pH= 4.0, 20x 
Figure 45. BSE image of EM® disk fired to 1000°C, 3 weeks in sodium acetate buffer at pH = 4.0, 50x 
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Figure 46. BSE image of EM® disk fired to 1100°C, 20x 
Figure 47. BSE image of EM® disk fired to 1100°C, lOOx 
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Figure 48. BSE image of EM® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, 20x 
Figure 49. BSE image of EM® disk fired to 1000°C, 1 day in sodium acetate buffer at pH = 4.0, lOOx 
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Figure 50. BSE image of EM® disk fired to 1100°C, 1 week in sodium acetate buffer at pH = 4.0, lOOx 
Figure 51 . BSE image of EM® disk fired to 1100°C, 2 weeks in sodium acetate buffer at pH = 4.0, 20x 
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Figure 52. BSE image of EM® disk fued to 1100°C, 2 weeks in sodium acetate buffer at pH= 4.0, lOOx 
Figure 53. BSE image of EM® disk fired to 1100°C, 3 weeks in sodium acetate buffer at pH = 4.0, 20x 
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Figure 54. BSE image of EM® disk fired to 1100°C, 3 weeks in sodium acetate buffer at pH= 4.0, lOOx 
Figure 55. BSE image of EM® disk fired to 1200°C, 20x 
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Figure 56. BSE image of EM® disk fired to 1200°C {lOOX) 
Figure 57. BSE image of EM® disk fired to 1200°C, 1 day in sodium acetate buffer at pH = 4.0, 20x 
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Figure 58. BSE image of EM® disk fired to 1200°C, 1 day in sodium acetate buffer at pH = 4.0, 500x 
Figure 59. BSE image of EM® disk fired to 1200°C, 1 week in sodium acetate buffer at pH = 4.0, 20x 
64 
Figure 60. BSE image of EM® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, 200x 
Figure 61. BSE image of EM® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH = 4.0, 20x 
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Figure 62. BSE image of EM® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH = 4.0, 200x 
Figure 63 . BSE image of EM® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH = 4.0, lOOx 
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Figure 64. BSE image ofFluka® disk fired to 1000°C, 20x 
Figure 65. BSE image ofFluka® disk fired to 1000°C, lOOx 
67 
Figure 66. BSE image ofFluka® disk fired to 1100°C, 20x 
Figure 67. BSE image ofFluka® disk fired to 1100°C, lOOx 
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Figure 68. BSE image ofFluka® disk fired to 1100°C, 500x 
Figure 69. BSE image ofFluka® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, 20x 
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Figure 70. BSE image ofFluka® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, lOOx 
Figure 71. BSE image ofFluka® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, 500x 
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Figure 72. BSE image ofFluka® disk fired to 1200°C, 20x 
Figure 73 . BSE image ofFluka® disk fired to 1200°C, lOOx 
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Figure 74. BSE image ofFluka® disk fired to 1200°C, 500x 
Figure 75. BSE image ofFluka® disk fired to 1200°C, 1 day in sodium acetate buffer at pH= 4.0, 20x 
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Figure 76. BSE image ofFluka® disk fired to 1200°C, 1 day in sodium acetate buffer at pH = 4.0, lOOx 
Figure 77. BSE image ofFluka® disk fired to 1200°C, 1 day in sodium acetate buffer at pH = 4.0, 500x 
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Figure 78. BSE image ofFluka® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, lOOx 
Figure 79. BSE image ofFluka® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, 500x 
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Figure 80. SE image ofFluka® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH= 4.0, 20x 
Figure 81. BSE image ofFluka® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH= 4.0, lOOx 
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Figure 82. BSE image ofFluka® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH = 4.0, 500x 
Figure 83. BSE image ofFluka® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH = 4.0, 20x 
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Figure 84. BSE image ofFluka® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH= 4.0, 200x 
Figure 85. BSE image ofFluka® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH= 4.0, 500x 
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Figure 86. BSE image of Rhodia® disk fired to 1000°C, 20x 
Figure 87. BSE image of Rhodia® disk fired to 1000°C, lOOx 
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Figure 88. BSE image of Rhodia® disk fired to 1000°C, 500x 
Figure 89. BSE image of Rhodia® disk fired to 1000°C, 1 day in sodium acetate buffer at pH= 4.0, 12x 
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Figure 90. BSE image of Rhodia® disk fired to 1000°C, 1 day in sodium acetate buffer at pH= 4.0, lOOx 
Figure 91. BSE image of Rhodia® disk fired to 1000°C, 1 day in sodium acetate buffer at pH = 4.0, 300x 
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Figure 92 . BSE image of Rhodia® disk fired to 1000°C, 1 week in sodium acetate buffer at pH= 4.0, 500x 
Figure 93. BSE image of Rhodia® disk fired to 1000°C, 2 weeks in sodium acetate buffer at pH= 4.0, 200x 
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Figure 94. BSE image of Rhodia® disk fired to 1000°C, 2 weeks in sodium acetate buffer at pH= 4.0, 500x 
Figure 95. BSE image of Rhodia® disk fired to 1000°C, 3 weeks in sodium acetate buffer at pH= 4.0, 12x 
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Figure 96. BSE image of Rhodia® disk fired to 1000°C, 3 weeks in sodium acetate buffer at pH= 4.0, lOOx 
Figure 97. BSE image of Rhodia® disk fired to 1000°C, 3 weeks in sodium acetate buffer at pH= 4.0, 200x 
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Figure 98. BSE image of Rhodia® disk fired to 1100°C, 20x 
Figure 99. BSE image of Rhodia® disk fired to 1100°C, lOOx 
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Figure 100. BSE image of Rhodia® disk fired to 1100°C, 200x 
Figure 101. BSE image of Rhodia® disk fired to 1100°C, 500x 
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Figure 102. BSE image of Rhodia disk fired to 1100°C, lOOOx 
Figure 103. BSE image of Rhodia® disk fired to l l00°C, 1 day in sodium acetate buffer at pH= 4.0, 20x 
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Figure 104. BSE image of Rhodia® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, lOOx 
Figure 105. BSE image of Rhodia® disk fired to 1100°C, 1 day in sodium acetate buffer at pH = 4.0, 500x 
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Figure 106. BSE image of Rhodia® disk fired to 1100°C, 1 week in sodium acetate buffer at pH= 4.0. lOOx 
Figure 107. BSE image of Rhodia® disk fired to l 100°C, 1 week in sodium acetate buffer at pH= 4.0, 500x 
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Figure 108. BSE image of Rhodia® disk fired to 1100°C, 1 week in sodium acetate buffer at pH= 4.0, lOOOx 
Figure 109. BSE image of Rhodia® disk fired to 1100°C, 2 weeks in sodium acetate buffer at pH= 4.0, lOOx 
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Figure 110. BSE image of Rhodia® disk fired to 1100°C, 2 weeks in sodium acetate buffer at pH= 4.0, 500x 
Figure 111. BSE image of Rhodia® disk fired to 1100°C, 2 weeks in sodium acetate buffer at pH= 4.0, lOOOx 
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Figure 112. BSE image of Rhodia® disk fired to 1100°C, 3 weeks in sodium acetate buffer at pH= 4.0, lOOx 
Figure 113. BSE image of Rhodia® disk fired to 1100°C, 3 weeks in sodium acetate buffer at pH= 4.0, 500x 
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Figure 114. BSE image of Rhodia® disk fired to 1100°C, 3 weeks in sodium acetate buffer at pH = 4.0, lOOOx 
Figure 115. BSE image of Rhodia® disk fired to 1200°C, lOOx 
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Figure 116. BSE image of Rhodia® disk fired to 1200°C, 500x 
Figure 117. BSE image of Rhodia® disk fired to 1200°C, 1 day in sodium acetate buffer at pH= 4.0, lOOx 
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Figure 118. BSE image of Rhodia® disk fired to 1200°C, 1 day in sodium acetate buffer at pH = 4.0, 500x 
Figure 119. BSE image of Rhodia® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, 20x 
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Figure 121. BSE image of Rhodia® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, lOOx 
Figure 122. BSE image of Rhodia® disk fired to 1200°C, 1 week in sodium acetate buffer at pH= 4.0, 500x 
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Figure 123 . BSE image of Rhodia® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH= 4.0, 20x 
Figure 124. BSE image of Rhodia® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH= 4.0, lOOx 
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Figure 125. BSE image of Rhodia® disk fired to 1200°C, 2 weeks in sodium acetate buffer at pH = 4.0, 500x 
Figure 125 . BSE image of Rhodia® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH= 4.0, lOOx 
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Figure 126. BSE image of Rhodia® disk fired to 1200°C, 3 weeks in sodium acetate buffer at pH= 4.0, 200x 
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CONCLUSIONS 
From this study the variables of firing temperature, time and pH of the buffer system were all 
found to be significant in the dissolution and degradation of the sintered calcium phosphates. 
The composition of the calcium phosphate, although difficult to determine accurately, is also 
essential in the dissolution behavior. Fluka®, a high purity calcium phosphate powder with a 
low calcium to phosphorus molar ratio, exhibited a significantly different dissolution 
behavior than Rhodia®, a food grade calcium phosphate powder with a high calcium to 
phosphorus molar ratio. Depending on the slight variations in composition and the initial 
morphology of the sample, the mechanism of dissolution in the bulk sintered samples 
changed. The complexity of in vivo physiology makes it nearly impossible to accurately 
predict the time for the strength of the calcium phosphates to approach zero in vivo. Factors 
that will affect the loss of strength in vivo are the pH of the solution secreted by the 
osteoclasts, nature of the surgery, load on the implant, health of the patient, etc. Future work 
should include extending the dissolution test to longer times and a broader range of pH's to 
allow for further extrapolation of the dissolution behavior. A reliable method should be found 
to determine if the sodium acetate buffer is becoming saturated during the experiment. 
Atomic adsorption analysis was attempted to determine ifthe buffer was becoming saturated, 
but this method yielded no useful information. An essential future step is the preparation 
and surgical implantation of a resorbable bone guide. From the aforementioned study by 
Yamada it could be ascertained that the dissolution rate in vivo may, in fact, be slower than in 
vitro. If this is the case, many of the calcium phosphates here could possibly last one year in 
vivo before the strength approaches zero. 
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